Abstract: Heavy summer rainfall induces significant soil erosion and shallow landslide activity on the loess hillslopes of the Xining Basin at the northeast margin of the Qinghai-Tibet Plateau. This study examines the mechanical effects of five native shrubs that can be used to reduce shallow landslide activity. We measured single root tensile resistance and shear resistance, root anatomical structure and direct shear and triaxial shear for soil without roots and five rootsoil composite systems. Results show that Atriplex canescens (Pursh) Nutt. possessed the strongest roots, followed by Caragana korshinskii Kom., Zygophyllum xanthoxylon (Bunge) Maxim., Nitraria tangutorum Bobr. and Lycium chinense Mill. Single root strength and shear resistance relationships with root diameter are characterized by power or exponential relations, consistent with the MohrCoulomb law. Root mechanical strength reflects their anatomical structure, especially the percentage of phloem and xylem cells, and the degree and speed of periderm lignifications. The cohesion force of rootsoil composite systems is notably higher than that of soil without roots, with increasing amplitudes of cohesion force for A. canescens, C. korshinskii, Z. xanthoxylon, N. tangutorum and L. chinense of 75.9%, 75.1%, 36.2%, 24.6% and 17.0 % respectively. When subjected to shear forces, the soil without root samples show much greater lateral deformation than the root-soil composite systems, reflecting the restraining effects of roots. Findings from this paper indicate that efforts to reduce shallow landslides in this region by enhancing root reinforcement will be achieved most effectively using A. canescens and C. korshinskii.
Introduction
Erosion is a natural phenomenon that frequently impacts on human society. Human activities may accelerate or suppress natural rates of erosion, changing the pattern and rate of activity, potentially bringing about serious local and off-site consequences. As vegetation cover exerts a critical influence upon hillslope stability, these issues are especially pronounced in arid or semi-arid landscapes where vegetation cover is sparse. Hence, use of vegetation as a control upon erosion is an important consideration (Burylo et al. 2011) .
Soil erosion is one of many natural hazards in Qinghai Province. Erosion extends over 35.43×10 4 km 2 (i.e. 49.21% of the province), and is expanding at a rate of 0.21×10 4 km 2 annually (Liu 2003; Wang et al. 2003) . Shallow landslides and debris flows are common, especially following intense storms or extended periods of heavy rainfall (Ren 2004; Zhang et al. 2007) . As the slip plane of shallow landslides is relatively near the slope surface (generally no more than 2 m deep; Zhou et al. 2003; Ji et al. 2012) , root strength and density are key considerations in determination of the most appropriate vegetation cover as a part of hillslope management strategies (Thornes 1990; Morgan 1996; Gray and Sotir 1996; Mitsch and Jorgensen 2003; Odum and Odum 2003) .
To date, few investigations have assessed the effects of young shrubs for improving hillslope stability (examples include Operstein and Frydman 2000; Mattia et al. 2005; De Baets et al. 2008 . Plants can help prevent soil slippage and improve hillslope stability through mechanical reinforcement of soil by roots (Waldron 1977; Ziemer 1981; Nilaweera and Nutalaya 1999; Stokes et al. 2009 ). Plant roots provide additional cohesion to soil (Thomas and Pollen-Bankhead 2010; Fan et al. 2012; Mao et al. 2013 ). Soil strength is influenced by the extent and length of roots within the root-soil composite (e.g. Operstein and Frydman 2000; Nilaweera and Nutalaya 1999; Yang and Shi 2002; Yang et al. 1996; Mickovski and van Beek 2009; Loades et al. 2010) as well as the effect of root area ratio (RAR) (PollenBankhead et al. 2009 (PollenBankhead et al. , 2010 Mao et al. 2012) . Mechanical effects of root systems affect the pullout resistance and pull-out strength of root systems, tensile resistance and tensile strength of single roots, and shear resistance and shear strength of single roots (e.g. Hathaway and Penny 1975; Burroughs and Thomas 1977; Schiechtl 1980; Nilaweera and Nutalaya 1999; Greenwood et al. 2004; Genet et al. 2005; Norris 2005) . When subject to shear stress, root tensile strength is manifest through the tensile resistance of roots (Wu et al. 1979; Ekanayake and Phillips 1999; Operstein and Frydman 2000) . Single root tensile strength decreases via a power relationship as root diameter increases (e.g. Nilaweera and Nutalaya 1999) . This reflects differences in root structure, as cellulose content increases as root diameter decreases (i.e. smaller roots have more cellulose per dry mass than larger roots (Turmanina 1965; Hathaway and Penny 1975; Commandeur and Pyles 1991; Genet et al. 2005) ). Other important considerations include root system morphology, such as root biomass, root number, root diameter and root length (Wu et al. 1979 ) and root system architecture (Stokes et al. 1996; Dupuy et al. 2007; Mickovski et al. 2007; Reubens et al. 2007 ). The most efficient branching pattern is generated when many roots are spread deep into the soil (Stokes et al. 1996; Fan et al. 2010) . The optimum branching angle is a vertical angle of 90 o between a lateral root and the main axis, while the mechanically optimal radial angle between a lateral branch and its daughter is between 0-20 o (Stokes et al. 1996; Reubens et al. 2007) .
This paper presents the findings of an exploratory analysis into the use of native shrubs that are adapted to the cold climatic conditions of the Qinghai-Tibetan Plateau as a strategy to reduce shallow landslide activity on loess hillslopes. Emphasis is placed upon ranking the effectiveness of five native shrubs based upon root strength. Objectives of this study are as follows:
1. Determine the shear strength of root-soil composite systems for the five selected shrubs and for soil without roots using direct shear and triaxial tests.
2. Establish the relationship between single root tensile resistance (strength), single root shear resistance (strength) and root diameter for the selected shrubs.
3. Assess how the anatomical structure of roots affects their mechanical strength properties, such as tensile resistance (strength).
Methods

Testing areas
Xining Basin lies within the MesozoicCainozoic fault subsidence basin of the Qilian Mountain fold system. Basement rocks of the basin are composed of Triassic sandstone, siltstone and shale (Zhao et al. 2008) . The Tertiary middle stratum is composed of mudstone, gypsum and siltstone. The Quaternary upper stratum is composed of sand, gravel and loess. The latter materials engender complex engineering geology challenges. High porosity and countless vertical joints promote shallow landslide activity. The dense population and frequent engineering activities in the area accentuate these problems.
Xining Basin lies within an intermontane valley at the margins of the uplifting Qinghai-Tibet Plateau and the loess plateau. Vegetation cover is relatively limited in this area. In the local watershed, erosion extends over 267.5 km 2 of the local catchment area of 350 km 2 (i.e. 86.8%; Li et al. 2006) . The average soil erosion rate in this area is 4,800 t km -2 a -1 (Yang et al. 2009; Zhang et al. 2007 ). According to Li et al. (2006) , erosion rates are lowest on the gentle hillslopes of valley floors where vegetation cover is higher than 70% (around 1,000-2,000 t km -2 a -1 ). Gentle hillslopes typically have average erosion rates of 2,000-5,000 t km -2 a -1 , whereas middle and upper hillslopes have erosion rates of 5,000-8,000 t km -2 a -1 , extending to 8,000-12,000 t km -2 a -1 in some areas.
The testing areas for this analysis are located along the Huangshuihe Valley, the most populous area of Qinghai Province (36°35' N, 101°50' E; mean altitude 2,250 m; Figure 1 ). The steep hillslopes in this mountainous area have a thick loess cover. The continental semi-arid climate is characterized by long winters and short summers. Mean annual temperature is 4.9°. Mean annual rainfall is 367.5 mm, with a mean annual evaporating capacity of 1,729.2 mm. Around 70% of the annual rainfall occurs between June and September (Ren 2004 ). Vegetation cover is restricted to the lower hillslopes. Soil erosion, shallow landslides and floods are pronounced during heavy rainstorms in summer (Zhao 1994; Wen 1999) . Three testing areas were established around Xining Basin (Hu et al. 2011) : Honggou ditch is a high hillslope testing area in Chengdong district, while lower hillslope testing areas are located in Gujialinggou ditch in Chengbei district and at Qinghai University in Chengbei district (see Figure 1 ). The primary experiments were conducted in Honggou ditch testing area. Typical soil erosion and shallow landslide problems in the study areas are exemplified in Figure 2.
Shrub selection
Mechanical properties that assist in the protection of hillslopes in the Xining region were analyzed for five local shrubs: C. korshinskii Kom., N. tangutorum Bobr., Z. xanthoxylon (Bunge) Maxim., A. canescens (Pursh) Nutt. and L. chinense Mill. These shrubs have dense root systems and are adapted to the local climate as they are cold tolerant and drought hardy species (Wu et al. 1998 ).
Field and laboratory procedures
Field procedures
Seeds were sown in the testing areas in April 2004. Line seeding at the Honggou ditch high hillslope testing area was applied over an area of 20 m × 15 m using a line width of 24 cm and spacing of 10 cm. The dibble seeding method was used to plant shrubs with a seeding depth of 1-2 cm. The 10 m high hillslope was oriented N 10° E, and had a slope angle of 40 o . Physical and chemical properties of soils in the testing areas are summarized in Table 1 .
After two years growth, the entire aboveground part of shrubs, including stems and leaves was collected. Soil without roots and rootsoil composite system samples were taken from the plant's growth position. Both soil without root samples and root-soil composite samples were taken at a depth of 100-150 cm under the slope surface. The rooted soil (30 cm × 30 cm× 40 cm) was excavated out carefully, then plastic preservative bags were used to envelop them immediately, and they were put into testing cases and taken back to the laboratory. Indoor direct shear and triaxial tests were performed as soon as possible. Five blocks of soil without root samples and rooted soil samples were taken individually.
Measurement of root architecture and anatomy
The root distribution and architecture characteristics of shrubs grown at Honggou ditch were assessed after two years growth. All five shrubs have a vertical root system. To assess root architecture, one or two plants of each kind of shrub were randomly selected in the field. The dry excavation method was conducted, gradually stripping away the soil which surrounded the roots from the slope surface. Measurements were made of growth data such as taproot and lateral root length (using a tape), root width/diameter (using slide calipers) and root orientation (using a graphometer). The anatomical structure of roots was tested by cutting 5-10 mm taproot segments (diameter 1-3 mm, depth 100-150 cm). Five samples were consolidated within a formalin-acetic acid-alcohol (FAA is a fixing agent used to make microtome sections of plants; in this instance it was compounded by alcohol (70%) 90 mL, acetic acid 4 mL and formalin 6 mL, and treated by hydrofluoric acid demineralization and alcohol series desiccation (see Zhu et al. 2009) ). Permanent slices were embedded within paraffin, stuck by neutral gum, and stained using safranine-fast green (safranine: l% water solution, fast green: 0.5% alcohol; Li 1978) . Twenty microtome sections of roots were cut using a rotary microtome. Root cross-sections were characterized under a microscope (OLYMPUS SBX51) using the ImageProplus pattern analysis system. This included analysis of the catheter (the conducting tissue which is made of many cylinder shaped dead cells (vessel elements) in the xylem of shrubs; its function is to transport moisture content and inorganic salt out of shrub roots), percentage of phloem and root diameter thickness.
Soil mechanical tests
Direct shear test and triaxial tests were made individually for both rooted soil for the five shrub types and for the soil without roots. Direct shear and triaxial tests were completed for four samples. In order to ensure that the roots used for tensile and shear tests had the same root diameter, given length roots were divided equally into two parts.
Sampling and analysis procedures used to conduct direct shear tests were as follows. First, the moisture content of soil was measured by oven drying (12.8% in this instance). Then, soil with a moisture content of 12.8% was mixed with roots of the five shrubs. Efforts were made to replicate characteristics of shrub root distribution in hillslope soils (root diameter is 0.2-1.2 mm, root length is 40 mm, root weight is 1.2 g). The sample was placed into a compaction mould (inner diameter 6.18 cm, height 12.5 cm). The soil was compacted to a density of 1.58 g/cm 3 (equivalent to soil density on hillslopes of the testing area). Using a cutting ring, samples were made of the compacted soil column (samples have inner diameter of 6.18 cm and height of 2.0 cm). At the beginning of the test, a sample in a cutting ring was fitted into a square metal box (height 2 cm, inner diameter 6.18 cm) which was split into two halves horizontally. A pressure pad was put on top and the box was placed on a roller bearing. A vertical load was then applied to the specimen by means of a static weight hanger, so that the soil specimen was sheared by applying a continuous horizontal shearing force at a constant rate on the lower half of the sample until shear failure occurred. Straincontrolled direct shear tests were performed using ZJ equipment (Nanjing Soil Instrument Factory Co., Ltd). Direct shear experiments were conducted for four samples under four vertical pressures (50, l00, 200 and 300 kPa). They were completed twice for the root-soil composite system and the soil without roots. The applied rate of shear was 2.4 mm/min.
Initial steps in sampling and analysis procedures used to conduct triaxial tests on soil without roots and soils with shrub roots followed steps outlined for the direct shear tests. Once more, soil with a moisture content of 12.8% was mixed with roots of the five shrubs. Efforts were made to replicate characteristics of shrub root distribution in hillslope soils (four roots with diameter 1.66 mm and length 120 mm were mixed vertically and evenly for each shrub). Each sample was placed into a compaction mould (inner diameter 6.18 cm, height 12.5 cm). More soil was progressively added and fifteen lateral roots (length 50 mm, diameter 0.48 mm) were horizontally put in at 30, 60 and 90 mm depth beneath the surface of compact moulds. Samples were compacted continuously until the density reached 1.58 g/cm 3 (equivalent to soil density on hillslopes of the testing area; Figure 3 ). Note: Corresponding indexes such as soil moisture content, soil density, etc. were measured separately in July, August and September 2004 during in situ root pull-out tests (the mean value from the three months is shown).
At the beginning of the test, the finished sample was fitted into a membrane tube. This was then sealed by a rubber membrane, put into a pressure cell and covered with a load cap. Next, the cell was filled with water to subject the sample to an isotropic confining pressure from three directions.
With the cell pressure being constant, the vertical load was then applied externally and increased steadily by a transmission pressure piston connecting rod. This generated shear stress in the inner part of the sample. Shear stress increased with vertical load until one or two failure planes occurred within the sample. Triaxial tests were performed using TCK-1 measuring control apparatus (Nanjing Soil Instrument Factory Co., Ltd). Unconsolidated-undrained triaxial tests were applied to four replicate samples under four confining pressures (10, 20, 30 and 40 kPa). The applied rate of shear was 0.8 mm/min.
Root mechanical tests
The roots used for single tensile and shear tests were excavated from hillslope soil, sealed with preservative film, and taken backed to the laboratory where single root tensile and shear tests were conducted as soon as possible. Fresh roots were used for both single root tensile and shear tests. The maximal tensile force (or shear force) and displacement of single roots were recorded. Single roots of 2-10 cm length were clamped onto a test-working platform. Tensile force (single root maximal stretching resistance when stretched) was then applied (and measured) until the root was broken (see Zhu et al. 2008) . Single root tensile strength, P, was calculated as:
where P is single root tensile strength (MPa), F is maximal tensile resistance (N), and D is single root diameter (mm).
To derive single root shear strength, a single root of 2-5 cm length was clamped to the working platform, and shear force (maximal resistance of single root to shear when being sheared) applied using upper and lower clamping fixtures until the root was broken (Zhu et al. 2008) . The equation to calculate single root shear strength is: Selected root lengths closely simulate field conditions. Root diameter was accurately measured using slide calipers. Force was applied by turning a hand wheel with a mean rotational speed of 6.4 mm/min using dynamic strain apparatus (DH5937, Suzhou Donghua Examination Apparatus Co., Ltd).
Results
Physical attributes of plant roots
Physical attributes of sampled plant roots were as follows. C. korshinskii had a taproot length of 2.58 ± 0.42 m, a root diameter of 5.36 ± 1.78 mm, and a root width of 1.62 ± 0.54 m. Tap and lateral roots were equally developed, and were especially dense at a depth of 0.65 ± 0.31 m. A. canescens had a taproot length of 4.48 ± 1.32 m, five times the height of the plant. Its root diameter was 7.16 ± 2.07 mm, while the root width was 2.25 ± 0.76 m. Lateral roots and capillary roots of this deeprooted shrub were intensively developed at a depth of 0.85 ± 0.56 m. The root distribution was especially well-developed in the upper 0-50 cm of the soil, gradually decreasing from 50-100 cm, but with a notable decrease beyond 100 cm (see Figure  4 ). Z. xanthoxylon had a taproot length of 1.28 ± 0.24 m, root diameter of 8.16 ± 2.04 mm, and a root width of 2.87 ± 1.35 m. Lateral roots of this shallow rooted shrub were many times longer than the taproot. Lateral roots appeared at 0.1 m content was low in L. chinense secondary xylem.
Direct shear tests
Direct shear test results for both root-soil composite systems and soil without roots show clear trend line relationships between shear strength and vertical pressure ( τ -σ ; Figure 6a-f) . When the roots and moisture content of root-soil composite systems are kept constant, the shear strength of the root-soil composite system increases linearly with increasing vertical pressure (correlation greater than 0.99). A direct relationship is also evident between the shear strength of root-soil composite systems and normal pressure on the vertical shear plane. The direct shear strength of the root-soil composite systems agrees with the Mohr-Coulomb law (τ =c +σ tanϕ ).
Roots increase soil strength. For example, the root-soil composite system shear strength of A. canescens was 82.9 kPa when vertical pressure was 100 kPa (Figure 7 ). This is approximately 25% greater than the shear strength of soil without roots. The reinforcing effect provided by roots adds a cohesion force (△c) (see Table 2 ). The cohesion force of the root-soil composite system for A. canescens is notably greater than that of the soil without roots, with an incremental cohesion force value of 10.442 kPa (Figure 7 ; around 72% greater than soil without roots). However, the internal friction angle of both the root-soil composite system and soil without roots did not change in a systematic manner. In summary, the following sequence of cohesion forces was found for the five-shrub root-soil composite systems:
chinense > soil without roots.
Unconsolidated-undrained triaxial test results
Main stress difference and axial strain
Stress-strain data for shear tests of root-soil composite systems and soil without roots were used to determine the main stress difference and axial strain (Figure 8 ). When strain was ＜2%, the stress-strain relationship curves for root-soil composite systems and soil without roots are relatively similar. However, when axial strain gradually increases, there are obvious differences for stress-strain curves between root-soil composite systems and soil without roots. Eventually, however, the two curves trend towards a constant value. This indicates that the greatest contribution of reinforced soil by roots occurs under higher axial strains. As the confining pressure continuously increases, the initial segments of stress-strain relationship curves are linear, demonstrating an elastic character. The shear strength of the root-soil composite systems agrees with the Mohr-Coulomb law (Wu 1976; Waldron 1977; Yang et al. 1996; Liu et al. 2006) . Under identical strain conditions, the main stress difference of root-soil composite systems is notably higher than the soil without roots. Under the same main stress difference value, the strain value of root-soil composite systems is smaller than the soil without roots. This shows that the strength and resistance to deformation ability for root-soil composite systems were reinforced, that is, there is a relatively smaller deformation for rooted soils compared with soil without roots. Based upon the relationship curves between main stress difference and axial strain for the five kinds of shrubs in the testing areas, the strength and resistance to deformation of A. canescens and C. korshinskii is greater than the other species (Z. xanthoxylon, N. tangutorum and L. chinense). For example, when the strain value ( ε ) was 12%, the main stress difference value was 100 kPa for A. canescens and C. korshinskii, while the main stress difference value was 65-75 kPa for Z. xanthoxylon, N. tangutorum and L. chinense. This reflects the potential capacity of root-soil composite systems of A. canescens and C. korshinskii to resist soil deformation to a greater degree than the other species.
Shear strength of root-soil composite system
Mohr's circles of stress and strength envelopes derived for differing confining pressures for soil without roots and root-soil composite systems for the five shrubs are shown in Figure 9 . Shear strength indices such as cohesion (c) and internal friction angle ( ϕ ) are summarized in Table 2 .
These results show that internal friction angles of both soil without roots and root-soil composite systems were similar. Other than the root-soil composite system for C. korshinskii, the internal friction angles of the other four shrub root-soil composite systems were smaller than that of soil without roots. However, the cohesion forces of root-soil composite system are notably higher than the soil without roots, increasing by 29.4-394.6%. The cohesion force of 14.59 kPa for the shrub rootsoil composite system of A. canescens was the biggest among the five kinds of shrub root-soil composite systems. This is approximately five times greater than the cohesion force of soil without roots. In summary, the sequence of cohesion forces for the five-shrub root-soil composite systems mirror the triaxial test results, Table 2 ).
Deformation behaviour of triaxial tests
Intensification of soil strength by roots is demonstrated through shape change comparison analyses between pre-and post-test samples of shrub root-soil composite systems of A. canescens and soil without roots. Soil without root samples had greater lateral deformation in mid-section, creating a "drum" shape ( Figure 10a ). In contrast, lateral deformation is not obvious in root-soil composite system samples. In these instances, the diameter in the middle section was approximately equivalent with marginal (upper/lower) sections for the post-test samples. These 'deformed' samples did not show an obvious "drum" shape ( Figure 10b ). The fibrous composite systems of roots and soil are able to adjust to applied stress in a coherent manner, effectively restraining lateral deformation during the shear procedure. Friction between roots and soil increases soil strength via both root tensile strength and soil tensile strength when external loads are applied (Xie et al. 2004; Chen et al. 2007 ). Also, roots are able to decrease deformation when an identical stress is applied to both roots and soil. Roots have a smaller strain than soil, so they can be considered to be the main reason why root-soil composite system samples have a reduced horizontal strain in their midsection when stress is applied to root-soil composite system samples. Shape deforming degrees for C. korshinskii and A. canescens were less than for Z. xanthoxylon, N. tangutorum and L. chinense.
In soil samples without roots, shear plane forms could be observed when axial stress reached its peak value during the triaxial shear test process. These samples were separated into two parts along a shear plane (Figure 11a ). Although fracturing also occurred in root-soil composite system samples, intact roots were preserved in these samples (Figure 11b ). For example, the integrity of A. canescens samples was retained, with an obvious pulling force of roots along both sides of the fracture plane. Hence, the soil mass is able to endure higher tensile stress. The continuous fracture plane in soil samples without roots attests to the tensile capacity of roots in the root-soil composite system.
Root tensile strength and shear strength
Single root tensile resistance and tensile strength are notably greater for A. canescens than for C. korshinskii, Z. xanthoxylon, while they are notably smaller for N. tangutorum and L. chinense (Table 3 ). There is a positive correlation between single root tensile strength and tensile resistance (i.e. the greater the tensile resistance of a single root, the more obvious its ability to increase soil shear strength). Regression equations for five shrubs between root tensile strength and root diameter are presented in Table 4 . There is also a positive correlation between average shear resistance and shear strength (Table 5) . Shear strength values for C. korshinskii and A. canescens are notably bigger than the other shrubs (Z.
xanthoxylon, N. tangutorum and L. chinense).
Hence, single root shear resistance and strength increase soil shear strength.
Direct shear tests for soil without roots and root-soil composite systems found that the internal friction angle of soil without roots was 27.0° while the internal friction angles for the five shrub rootsoil composite systems were 26.0 -28.3°, with a mean of 27.2° (Table 2) . Internal friction angles for root-soil composite systems of A. canescens, C. korshinskii and L. chinense were a little larger than that of soil without roots. In contrast, internal friction angles for root-soil composite systems of Z. xanthoxylon and N. tangutorum were smaller than that of soil without roots.
Triaxial tests for soil without roots and rootsoil composite systems found that the internal friction angle of soil without roots was 31.6° while the internal friction angles for the five shrub rootsoil composite systems ranged from 26.2 -33.3°, with a mean of 29.4°. Other than C. korshinskii, the internal friction angles of root-soil composite systems were smaller than that of soil without roots.
In summary, results from both direct shear tests and triaxial tests indicate that the internal friction angles for root-soil composite systems were not obviously larger than that of soil without roots. The anatomical structure of two year old sample roots of the five shrubs is summarized in Table 6 . The periderm of the five shrubs was composed of 3-7 layers of square or polygon shaped cells in an orderly manner, about 100 μm in thickness. Secondary xylem areas of both A. canescens and C. korshinskii made up about 50 and 35% of the root cross section respectively (other roots were less than 35%). Secondary phloem areas of C. korshinskii made up about 45% of the root cross section, the biggest among the five shrubs (others were less than 35%). The vessel area of the five shrubs made up about 8-15 % of secondary xylem areas. Its diameter was about 15~100 μm and wall thickness was about 4-20 μm.
These preliminary findings indicate that the higher the wood fiber and bast fiber contents of root anatomical structure, the stronger the root's mechanical strength (single tensile resistance and tensile strength). In other words, the greater the percentage of secondary phloem and xylem in root cross section, the higher the root strength.
Discussion
Root-soil interactions enhance hillslope stability. Results from direct shear test and triaxial 
N. tangutorum
Periderm is composed of 5-7 layers of rectangle cells in an orderly manner, about 210 μm in thickness.
Area of secondary phloem makes up about 30% of root cross section area.
Area of secondary xylem makes up about 30% of root cross section.
Vessel area makes up about 15% of secondary xylem. Its diameter is about 20~100 μm and its wall thickness is about 5 μm.
L. chinense
Periderm is composed of 4-6 layers of square or polygon cells in an orderly manner, about 110 μm in thickness.
Area of secondary phloem makes up about 35% of root cross section.
Area of secondary xylem makes up about 25% of root cross section area.
Vessel area makes up about 15% of secondary xylem area. Its diameter is about 20~70 μm and its wall thickness is about 4 μm.
Note: Number of samples (n) is 20
tests show that the shear strength of soil without roots is lower than the shear strength of root-soil composite systems (Waldron 1977; Waldron and Dakessian 1981; Ziemer 1981; Operstein 2000; Nilaweera and Nutawera 1999; Ekanayake and Phillips 1999; Wu et al. 1979) . The greater the tensile strength (or shear strength) of a single root, the stronger its ability to reinforce soil shear strength (Gray and Sotir 1996; Zhu et al. 2008; Hu et al. 2009; Yang et al. 2009 ). The extent to which shear stress acting on the soil can be transferred into tensile resistance of roots reflects root tensile strength (Operstein et al. 2000; Burylo et al. 2011) . At the time of failure, roots within the failure zone may break due to tension, be sheared, or be pulled out (Nilaweera and Nutawera 1999) . Of the five shrubs analysed in this study, root tensile strength is far greater for A. canescens and C. korshinskii than it is for Z. xanthoxylon, N. tangutorum and L. chinense.
Analysis of incremental increases in soil shear strength by shrub roots reflects the distribution and architecture of root patterns and their anatomical structure ). The main factors affecting the tensile and shear strength of single roots include the percentage of phloem fibers and wood fibers and the degree and rate of periderm lignification. The elongation rate of single roots varied directly with the percentage area of secondary phloem, and inversely with the percentage area of xylem. The reinforcement effects of plant roots reflect their tensile, compression and bending resistances, which in turn are determined by their composition of cellulose, semi-cellulose, lignin, protein and pectin (Xiao 2004) . Other researchers (e.g. Waldron and Dakessian 1981; Liu et al. 1996; Zhu et al. 2002; Genet et al. 2005; Li et al. 2005; Guo et al. 2006; Zhao and Zhang 2007) highlighted the correlation between root strength, elongation rate, and Young's modulus of roots with their anatomical structure and chemical constituents. Polyphase, heterogeneity and anisotropic properties of roots reflect their metabolism activities (Guo et al. 2006; Liu et al. 1996) . This primarily reflects difference in root architectures, which in turn reflects the higher cellulose content of smaller root diameters (Commandeur and Pyles 1991; Hathaway and Penny 1975; Genet et al. 2005; Hales et al. 2009 The root density, single root tensile and shear strength have an obvious influence on rooted soil strength of hillslopes. The shrubs analyzed in this study have significant tap and lateral roots, which spread both vertically and horizontally underground. Stokes et al. (1996) show that the most effective root branching models with which to enhance soil stability have large quantities of roots some depth from the ground surface. For some plants, roots may spread laterally over a distance that is several times greater than the plant height (Greenway 1987) . Shrubs analysed in this study had root lengths from 1-5 m, which is 2-4 times plant height. Their root width extends extend over 0.5-4 m, with considerable lateral spread of roots at a depth of 0.2-1.5 m. These plants are very effective at reinforcing and anchoring soil. These affects are closely related to root number, root diameter, root shape (architecture), root strength, and root-soil interaction (Wu et al. 1979; Stokes et al. 1996; Dupuy et al. 2007; Mickovski et al. 2007; Reubens et al. 2007) . Indeed, studies show that structure-related root factors such as root density (RD), root length density (RLD), root area ratio (RAR), number of roots, maximum root depth and branching pattern are likely to exert a greater impact upon hillslope stability than factors such as root tensile strength (Reubens et al. 2007; Genet et al. 2005; Fattet et al. 2011; Mao et al. 2012; PollenBankhead et al. 2009 ).
Findings from this study indicate that A. canescens and C. korshinskii are much more effective shrubs with which to increase rooted soil shear strength compared to Z. xanthoxylon, N. tangutorum and L. chinense. These shrubs are well adapted to steep, bare, dry hillslopes on loess. Their long, well-spread roots and stem/branch structures promote greater retention of both water and soil on hillslopes, while their root tensile strength enhances resistance to shear, limiting prospects for shallow rotational landslips (Hubble et al. 2010) .
Shallow landslide activity is one of many erosion mechanisms that affect loess hillslopes of northeastern Qinghai Province. For example, water erosion is widespread over vast areas in these steep, highly dissected and extensively gullied terrains (see Figure 2 ). An integrative approach to vegetation management on hillslopes is required to enhance hillslope stability in this area. A schematic conceptualization of complementary vegetative strategies is shown in Figure 12 . This figure shows how herbaceous species with shorter, superficial roots can be used to maximize ground cover and associated interception, minimizing impacts of rainsplash and slowing runoff (and associated wash effects). These species can be used alongside selected shrubs that increase soil strength and reduce the likelihood of shallow landslides (with slip planes less than 2 m deep). Importantly, use of these vegetative strategies is not restricted to the lower, wetter parts of hillslopes, as these species are well adapted to high steep hillslopes -the areas where protection against soil erosion, shallow landslides and debris flows is most required (cf., Wang et al. 1998; Zhou et al. 2003; Guo et al. 2004; Li et al. 2007) . Although plants need to be watered in their first growth year, by the second growth year their relatively longer roots ensure that they are able to extract water from depth, sustaining their growth. Future research is required to appraise the effectiveness of targeted vegetation management strategies.
Conclusion
Roots of five native shrubs markedly increase cohesion forces in soil, which in turn enhances the 
